We present a set of Porites coral oxygen isotope records from the tropical and subtropical Western Indian Ocean covering the past 120-336 years. All records were thoroughly validated for proxy response to regional climate factors and their relation to large-scale climate modes. The records show markedly different imprints of regional climate factors. At the same time, all coral records show clear teleconnections between the Western Indian Ocean and the El Niño-Southern Oscillation (ENSO). The multi-proxy site analysis enables the detection of the covariance structure between individual records and climate modes such as ENSO. This method unravels shifts in ENSO teleconnectivity of the Western and Central Indian Ocean on multi-decadal time-scales (after 1976). The Seychelles record shows a stationary correlation with ENSO, Chagos corals show evidence for non-stationary δ 18 O/ENSO relationships and the Southwestern Indian Ocean corals show a strong relationship with ENSO when the forcing is strong (1880-1920, 1970 to present).
Introduction
Geochemical parameters in skeletons of massive corals have been used to infer past changes in climate on interannual to multidecadal time-scales, e.g. sea-surface temperature (SST), sea-surface salinity (SSS), upwelling, river run-off and oceanic advection (Cole et al . 1993 (Cole et al . , 2000 Druffel & Griffin 1993; Dunbar et al . 1994; McCulloch et al . 1994; Charles et al . 1997 Charles et al . , 2003 Gagan et al . 1998; Quinn et al . 1998; Kuhnert et al . 2000; Le Bec et al . 2000; Linsley et al . 2000; Juillet-Leclerc & Schmidt One contribution of 24 to a Discussion Meeting 'Atmosphere-ocean-ecology dynamics in the Western Indian Ocean'. 2001; Hendy et al . 2002; Marshall & McCulloch 2002; Quinn & Sampson 2002) . The oxygen isotope composition is the most widely used tool in coral palaeoclimatology. In regions with a constant hydrological balance, δ 18 O provides SST variations, and in regions with variations in the evaporation-precipitation (EP) balance and/or oceanic advection, it provides variations in the isotopic composition of sea water (δ 18 O sea water ). Sr/Ca ratios have been shown to be the most robust thermometer in corals unaffected by sea-water variations (Alibert & McCulloch 1997; Gagan et al . 1998; Marshall & McCulloch 2002; Quinn & Sampson 2002) . Consequently, coupled measurements of coral Sr/Ca ratios and δ 18 O therefore allow reconstruction of past changes in δ 18 O of sea water by subtracting the thermal component of δ 18 O based on the Sr/Ca-SST estimates Hendy et al . 2002; Ren et al . 2002) . 18 O sea water inferred from observations and modelling studies (Schmidt 1999; Delaygue et al . 2001) .
The importance of corals as a palaeoproxy is that their potentially long lifetime (100-400 years) and fast growth rate (1-2 cm yr −1 ) provides high-resolution geochemical records for several centuries that allow study of natural climate variability under different boundary conditions, such as during the so-called Little Ice Age (1400-1850). In particular, fossil corals can provide insight into seasonality changes during the Holocene (last 10 kyr) or the Last Interglacial (125-131 kyr) (Gagan et al . 1998; Hughen et al . 1999; Corrège et al . 2000; Tudhope et al . 2001) . Such information is key to understanding the processes that controlled past climate variations and hence predicting future climate change.
Recent coral records in the Indian Ocean show great potential for resolving the El Niño-Southern Oscillation (ENSO) and monsoon interaction as expressed in SST variations (Charles et al . 1997 (Charles et al . , 2003 Cole et al . 2000; Cobb et al . 2001; Zinke et al . 2004a, b) and precipitation anomalies (Pfeiffer et al . 2004a ). In addition, oceanic variability (Tudhope et al . 1996; Kuhnert et al . 1999 Kuhnert et al . , 2000 and internal Indian Ocean phenomena, such as the tropical dipole mode, are manifested in several coral records (Marshall & McCulloch 2001; Abram et al . 2003) . Instrumental records of climate variability from the Western Indian Ocean are generally scarce and short and thus do not fully delimit the extent to which ENSO or internal Indian Ocean phenomena modulate interannual and interdecadal SST variability. In contrast, highresolution coral records dating back several centuries provide an excellent tool for the reconstruction of past surface ocean variability.
Here, we present a set of coral records from Porites sp. from the Western Indian Ocean covering the past 120-336 years. We show the results of oxygen isotope and trace element studies and their link to regional and global climatic patterns. The following questions will be addressed using coral δ 18 O records from the Western Indian Ocean. Are the coral δ 18 O records representative for regional climate variability, i.e. SST and/or precipitation? Does the EP balance changes through time, and if so, on what time-scales? Does coral δ 18 O record variations in the South Equatorial Current (SEC) and Indonesian Throughflow? Is the zonal tropical Indian Ocean-ENSO teleconnection stable through time?
Regional setting of the coral sites
The climate of the Indian Ocean north of 10
• S is dominated by the Asian monsoon system, which is characterized by a seasonal reversal of surface winds and a distinct seasonality in precipitation (Webster et al . 1998) . The monsoon circulation is driven by the pressure gradients resulting from differential heating of land and ocean, modified by the rotation of the Earth. During boreal winter (NE monsoon), northeasterlies originating from the area of high surface pressure over the cold South Asian continent sweep over the Northern Indian Ocean. These airstreams meet the Southern Hemisphere southeast trade winds in the Intertropical Convergence Zone (ITCZ). This zone is broadly embedded in a zone of high SSTs, and also features marked convergence and abundant precipitation. Very pronounced changes in temperature and airflow fields take place in April and May, marking the changeover to summer monsoon circulations. The circulation of the boreal summer monsoon is characterized by the highest surface temperatures over the South Asian continent and the adjacent sea areas. Maximum wind speeds occur in the Arabian Sea, the Bay of Bengal and in the core of the Southern Hemisphere trades. Evaporation is high in the regions of maximum wind intensity, and consequently the bulk of the moisture precipitated over southern Asia during the summer monsoon originates from the Southern Hemisphere (Hastenrath & Greischar 1993) .
The strongest interannual signal in the Indian Ocean climate is the ENSO (Jury et al . 2002; Allan et al . 2003; Krishnamurthy & Kirtman 2003) . The ENSO teleconnection pattern is modulated by interdecadal changes. Webster et al . (1998) distinguished three different regimes in ENSO-monsoon variability:
(i) before 1920, the two weather phenomena showed high variance and were tightly coupled;
(ii) from 1920 to 1960, there was little variability and correlations were zero; and (iii) after 1960, there was high variance and higher correlations. Kumar et al . (1999) reported that the historical relationship between the Asian monsoon and ENSO has broken down in recent decades, with reduced monsoon variability even when ENSO is strong. The coral records assembled here were collected from tropical to subtropical regions within the Western Indian Ocean that are influenced by natural modes of oscillation in the Indian Ocean (monsoon) and also show strong interannual variability associated with the ENSO phenomenon (figure 1). The tropical sites include Seychelles, the Chagos Archipelago and Mayotte (Comoro Archipelago), and the subtropical sites include La Réunion and Ifaty (off Southwestern Madagascar).
The Chagos Archipelago lies in the central tropical Indian Ocean within a region with the highest total annual rainfall in the entire Indian Ocean (5 • S, 73 • E, figure 1b) . Precipitation maxima at Chagos usually occur during the NE monsoon (December-February), when the Chagos is under the influence of the ITCZ. The isotopic composition of rainfall has been measured at Diego Garcia, an atoll in the south of the Chagos Archipelago. Measurements show that rainfall is depleted in δ 18 O during the NE monsoon (International Atomic Energy Agency 1994). Chagos SSTs are relatively stable throughout the year, varying by less than 2 • C annually (Reynolds & Smith 1994) . During warm ENSO events, precipitation significantly increases while SST typically increases by 0.5-1
• C (Reynolds & Smith 1994) . The Chagos coral records were examined to see if coral δ 18 O reflects rainfall variability, i.e. ITCZ variability and to establish the robustness of the ENSO winter monsoon rainfall teleconnection.
The climate of the granitic Seychelles (Mahé; 5 • S, 55 • E) is dominated by the seasonal reversal of the monsoon. During the boreal summer, the southwest monsoon season, Mahé experiences southwesterly trade winds. It is the cool and dry season of the year and evaporation is high. The trades are stronger on the eastern coast of the island. This is due to the high relief of Mahé island (900 m) that produces an effective climatic barrier for lower tropospheric winds. During the boreal winter, the island is influenced by the ITCZ and most of the total annual rainfall falls during that season. Local climatic differences during this season are less pronounced. SSTs in Seychelles vary seasonally by ca. 3-4
• C (figure 1a). The Seychelles lie within a region where ENSO-induced SST anomalies exceed 0.5
• C (figure 2). The Mahé coral records were examined to determine whether they are a good proxy of SST variability on seasonal to decadal time-scales and whether they represent a good palaeo-monsoon proxy. We also determine whether the ENSO teleconnection has been stable through time.
Mayotte (13 • S, 45 • E) is situated within the Northern Mozambique Channel, and the climate is dominated by the seasonal reversal of the monsoon (figure 1). The NE monsoon season is very warm and humid, and evaporation is high. During the boreal summer, the southwesterly trades are less powerful due to the orographic effect of Madagascar. Mayotte also lies within a region of tropical cyclone activity. SSTs vary seasonally by 3-4
• C (figure 1a). ENSO-induced SST anomalies exceed 0.5 • C (figure 2). This study assesses whether or not changes in the EP balance influence coral δ 18 O, and, if so, on what time-scales. The stability of the ENSO teleconnection at this site is compared with that of the Seychelles.
La Réunion (21
is situated within the southern subtropical Indian Ocean and the climate is dominated by the year-round southeasterly trade winds. Evaporation exceeds precipitation in the annual mean. SST has an annual average variation of ca. 4
• C (figure 1a). Réunion lies within the path of the South Equatorial Current (SEC), which is the most powerful and persistent current in the Indian Ocean and carries the bulk of the waters from the Indonesian Throughflow (Gordon et al . 1997 ). Recent observations show substantial variability in the transport of Indonesian Throughflow waters during ENSO episodes (Meyers 1996; Godfrey 1996) . In addition, historical salinity measurements show a strengthening of the SEC in the 1950-1975 interval compared with the present (Conkright et al . 2001) . This paper examines the coral records to establish whether the EP balance or salinity in the Southwestern Indian Ocean change over time, and the relationship between coral δ 18 O and ENSO. A fundamental question is the degree to which the coral δ 18 O record indicates variations in the strength of the SEC and Indonesian Throughflow.
Ifaty reef (23 • S, 43 • E) lies off the southwestern coast of Madagascar in the path of the southward flow through the Mozambique Channel (figure 1). This flow is part of the warm surface flow of the global ocean circulation (DiMarco et al . 2002; de Ruijter et al . 2002 de Ruijter et al . , 2004 Schouten et al . 2002 Schouten et al . , 2003 . The climate is dominated year round by the southeasterly trades and evaporation exceeds precipitation in the annual mean. Precipitation only reaches significant amounts during December-March (figure 1b), and is associated with the SE-NW orientated cloud bands stretching from the Western Indian Ocean towards South Africa (Todd & Washington 1999) . SST varies seasonally by 6
• C (figure 1a; Reynolds & Smith 1994) . ENSO is known to influence the EP balance over the Southwestern Indian Ocean and southern Africa (Tyson 1986; Reason & Mulenga 1999; Reason & Rouault 2002; Richard et al . 2000) . This paper uses the coral record to determine whether the EP balance has changed through time and if so, whether it has been influenced by ENSO. Research questions focus on the stability of the ENSO teleconnection through time and the degree to which regional processes contribute to changes in the EP balance. Figure 2. Map of coral core locations superimposed on the February 1998 SST anomaly field (from Reynolds et al . 2002) illustrating their sensitivity to SST anomalies during the strong ENSO of 1998 (http://iridl.ldeo.columbia.edu/). The sources for the coral data are as follows: Chagos, Réunion and Seychelles (Pfeiffer 2002; Pfeiffer et al . 2004a-c) , Mayotte and Ifaty (Zinke et al . 2004a, b) . 
Materials and methods

(a) Sample collection and preparation
The coral cores were drilled in the years 1994-1998 from massive colonies of the genus Porites sp. (Porites lobata, Porites lutea, Porites solida), using a commercially available pneumatic drill (table 1) . Cores of a length varying between 2 and 4 m with a diameter of 36 mm were drilled vertically along the growth axis. Cores were duplicated to ensure reproducibility. All cores were sectioned to a thickness of 5 mm and slabs were rinsed several times with demineralized water and dried with compressed air. To ensure complete removal of any moisture within the coral skeleton, individual samples were put into an oven for 24 h at 40
• C. The slabs were X-rayed to determine annual density banding and hence develop an initial chronology.
(b) Sampling
A high-resolution profile was drilled using a computer-controlled drilling device, along the growth axis as determined from X-radiograph-positive prints. Subsamples were drilled at a distance of 1 and 2 mm using a 0.5 mm dental drill at 1000 RPM. The drilling depth was 3 mm. The growth rate of the corals sampled averaged 9-16 mm yr −1 (table 1) . Thus the 1 or 2 mm sample spacing provides approximately monthly or bimonthly resolution, respectively.
(c) Chronology
In order to compare the geochemical records recovered from coral samples with instrumental data, the record must be converted from the depth domain to the time domain. The density couplets in corals were used to establish an initial chronology. This preliminary age model was refined using the pronounced seasonal cycle in δ 18 O and Sr/Ca to develop a chronology for the entire coral core. The seasonal maxima (minima) of δ 18 O and Sr/Ca values were assigned to the coldest/driest (warmest/wettest) month at a given site based on long-term climatological data. At all the stations sampled, the exact timing of the coldest and warmest month varies by about 1-2 months between the years. This methodology thus creates a time-scale error of about 1-2 months in any given year. Based on the seasonal maxima and minima the δ 18 O and Sr/Ca time-series were interpolated linearly into 6 and 12 equidistant points for any given year using the Analyseries software (Paillard et al . 1996) Schrag (1999) . Instrumental precision was typically better than ±0.15% relative standard deviation (RSD) for Ca and ±0.08% RSD for Sr (2σ). For the Sr/Ca ratios the error was better than ±0.2% RSD (2σ). The reproducibility of the Sr/Ca ratios of replicate measurements performed on different days was ±0.3% RSD or 0.005 mmol mol −1 (2σ).
(e) Advanced statistics
The application of univariate and multivariate statistical techniques aims to identify regional and/or large-scale climate variability in coral proxy data. Because several studies have found a major shift in the interaction between climate variability in the Indian Ocean sector and ENSO (Trenberth 1990; Kumar et al . 1999; Kinter et al . 2002) , the stationarity of the relationship between Indian Ocean coral proxies and ENSO is a crucial aspect in the interpretation of the proxy data. Therefore, statistical parameters (e.g. correlation coefficients or empirical orthogonal functions (EOFs)) are estimated from overlapping temporal sample domains. They allow a first guess of the temporal stability of the statistical parameters. Note that the choice of the sample size should be large enough to establish appropriate estimates of the statistical parameters. On the other hand, the temporal sample interval limits the accuracy of detecting instationarities.
EOF analysis was applied to the coral dataset. A 31-year data window was used to produce a running EOF analysis. The EOF analysis decomposes the covariance matrix of the corals into its eigenmodes, i.e. into the dominant patterns of spatiotemporal variability. Thus, the EOF provides insight into the large-scale climatic variability recorded in Indian Ocean corals. Since this work was focused on ENSO variability, the Palmyra coral record from the central Pacific Ocean, which is an excellent proxy for ENSO (Cobb et al . 2001) , was included in the multi-proxy dataset. By inspecting the temporal stability of the leading EOF mode, it was possible to improve the climatic interpretation of the region by the study of a network of coral proxy data. 
Results and discussion
(a) Coral records
Western Indian Ocean coral δ 18 O records in general display a century-scale trend over the twentieth century (figure 2). This trend of decreasing δ 18 O with time cannot be solely interpreted as reflecting SST changes, since changes in the EP balance and oceanic advection also influence the δ 18 O of sea water. The seasonal amplitudes of each record are distinct and follow the local SST and EP patterns (Pfeiffer 2002; Pfeiffer et al . 2004a-c; Zinke et al . 2004a, b) .
In the following section we will determine the relation of each of the coral δ 18 O (and Sr/Ca, when available) time-series to local and regional climate variability. Hence we will resolve the interannual to interdecadal variability in the proxy records.
(b) Chagos
We have analysed the oxygen isotope composition of two cores from Peros Banhos atoll with bimonthly resolution (Pfeiffer 2002; Pfeiffer et al . 2004a ). Core COI-5 is 34 years and core GIM is 124 years long. Over the period of overlap, the correlation coefficient between the annual mean δ 18 O series of the two corals is 0.64 (p < 0.001). The corals precisely record the depletion in δ 18 O sea water during the NE monsoon season by showing negative δ 18 O anomalies ( figure 3 ). There is a high correlation between mean December-March coral δ 18 O, precipitation and outgoing long-wave (Reynolds & Smith 1994 ) between 1982 (Charles et al . 1997 ). Thus, it has been suggested that this record provides a tool for tropical SST reconstruction (Charles et al . 1997 ). Moreover, interannual variability was shown to be significantly coherent with Niño-3 SST, which captures the ENSO-related SST anomalies in the tropical Pacific. The Western Indian Ocean SST-ENSO relationship was shown to have been constant over the last 100 years (Charles et al . 1997) .
A new Porites colony (NEP) was drilled on the eastern side of Mahé in 1995, which is more exposed to the southeast trades (4.3
• S, 55 • E). Over the period from 1946 to 1995, the NEP record shows a persistent linear correlation with Arabian Sea SST (r = −0.63, p < 0.001; figure 4a) (Pfeiffer 2002; Pfeiffer et al . 2004b) . Spatial Correlation analysis (Pfeiffer et al . 2004b ) reveals a strong relationship with Arabian Sea SST in the SW monsoon season, when the Arabian Sea cools due to wind-driven evaporation and coastal upwelling (Rao & Sivakumar 2000; Vinayachandran 2004 ).
In contrast, the coral record published by Charles et al . (1997) does show a weak relationship with Arabian Sea SST in the 1946-1995 period (r = −0.43, p < 0.04; figure 4b ). In fact, the coral record diverges from local grid-SST (ERSST (Smith & Reynolds 2003); for 1946 prior to the 1980s. These discrepancies may result from local climatic effects specific to the coral site, or biological factors that affect the incorporation of the stable isotopes into the coral skeleton (see, for example, McConnaughey 1989). The reliability of the Seychelles corals as monitors of regional and remote climatic processes clearly needs further investigation and a thorough analysis of both coral records. The data are taken from the HadCRUT2 dataset, which combines land temperature anomalies with marine SST anomalies on a 5
• × 5
• grid-box basis (Parker et al . 1995) . The Arabian Sea temperature series (dashed line) is plotted against (a) the new coral record taken from the east coast of Mahé (Pfeiffer et al . 2004b ); (b) the coral from the west coast of Mahé, published by Charles et al . (1997) 18 O. This might be due to slight environmental differences between lagoon and open ocean waters. By taking into account the SST values from Sr/Ca and SST observations, however, we reconstructed past δ 18 O sea water variability using the method of Ren et al . (2002) for the period of best data coverage (1951-1994) (not shown). First results indicate that similar variations in the δ 18 O sea water on decadal time-scales can be deduced by using either Sr/Ca-(SST) or lagoon SST (Zinke et al . 2004a ). Thus, variations in the EP balance and salinity variations influence coral δ 18 O. During the 1982/83 warm ENSO event, coral δ 18 O indicates positive anomalies coincident with exceptionally high lagoon SST, most probably due to higher evaporation rates. Additionally, river run-off into the northern Mozambique Channel in response to rainfall variability during the NE monsoon season (December-March) may contribute to the coral δ 18 O signal. Calibration of coral proxy signals with sea-water samples from the Mayotte lagoon was initiated in 2003 in order to thoroughly interpret environmental factors retrieved from corals. Once these data are generated, the Mayotte corals can potentially provide insights into the spatial and temporal variability of surface waters in the northern Mozambique Channel. 
Multidecadal variations in coral δ
18 O are coherent with regional SST, but the sense of this relationship is of opposite sign to that expected from the coral δ 18 O-temperature relationship (Pfeiffer et al . 2004c ) (figure 6). This indicates multidecadal variations in surface salinity. The cause of the salinity variations may be linked to the winddriven southern Indian Ocean gyre (Allan et al . 1995) . Stronger surface winds lead to increased evaporation (and hence colder SST), but also to a strengthening of the SEC, which will advect low-salinity waters towards Réunion.
Interannual variability in the 6-7-year frequency band is the strongest signal in the coral record (Pfeiffer 2004c ). The signal is coherent with the Southern Oscillation index (Allan et al . 1991) , but not with the regional SST record. We suggest that the signal also results from variations in δ 18 O sea water through changes in the strength of the SEC and/or the Indonesian Throughflow during ENSO (Meyers 1996; Godfrey 1996) . Ren et al . (2002) . This method separates SST and sea-water contributions in coral δ 18 O by calculating the instantaneous changes in δ 18 O and instrumental SST (or Sr/Ca). Thus, freshening or saltification of surface waters related to SST and atmospheric changes can be deduced. (a) Monthly variations in coral δ 18 O SST contribution versus coral δ 18 O sea-water contribution using SST from GISST 2.3 dataset (Rayner et al . 1996) . (b) Reconstructed δ 18 O sea water variations using SST data from the GISST 2.3 dataset versus NCEP/NCAR precipitation anomaly (http://www.cdc.noaa.gov/cdc/ data.ncep.reanalysis.derived.html). El Niño years are indicated by shaded vertical bars (http:// www.cpc.noaa.gov:80/products/analysis monitoring/ensostuff/ensoyears.html). Note the general association of positive δ 18 Osea water anomalies with deficient precipitation and also their occurrence during strong ENSO years (Zinke et al . 2004b ). (Zinke et al . 2004a, b) (figure 2). The coral oxygen isotope record primarily reflects SST variability on a seasonal scale (Zinke et al . 2004b ). Sea-water oxygen isotope composition, calculated by subtracting the Sr/Ca derived temperature component, contributes significantly to interannual variations in the coral isotope record (figure 7) . During the mature phase of strong ENSO warm events (i.e. December 1982 to February 1983) regional evaporation off Southwestern Madagascar increases, which is shown by positive coral δ 18 O anomalies (figure 7) (Zinke et al . 2004b ). The Ifaty coral record is coherent with the Niño-3 index in the 2-4-year frequency band (Zinke et al . 2004a, b) . Thus, our coral record is a tool for reconstructing the influence of ENSO induced large-scale atmospheric circulation anomalies on the EP balance in Southwestern Indian Ocean subtropical latitudes through the last 336 years (Zinke et al . 2004c ).
(g) Multi-proxy analysis
The combination of several coral records spanning an ocean basin can be used for large-scale climate reconstructions (Evans et al . 1999) . Therefore, one can focus on the variance that is common to all records in a certain frequency band, i.e. ENSO frequency. We performed running correlations and running EOFs to highlight the temporal correlation between each individual coral record and ENSO indices (figure 8) . We used the Niño-3 index and the Palmyra coral δ 18 O time-series as robust ENSO indices (Cobb et al . 2001 ). Thus, if we combine the Palmyra record with the Niño-3 index (Kaplan et al . 1998) , the running EOF analysis should produce a stable EOF pattern. Adding potential ENSO signals measured in Indian Ocean corals, the EOF assigns a proper weight for each coral record. Figure 8 shows the results of the running EOF analysis. The first EOF is plotted against time (the coefficients of the first EOF are assigned to the centre year of the data window). The coefficients of Niño-3 and Palmyra coral are constantly high and have the opposite sign to that expected (SST higher, δ 18 O lower) ( figure 8a, b) . The Seychelles coral record (Charles et al . 1997 ) has a constant coefficient of large magnitude ( figure 8a, b) . The coefficients of Chagos, Mayotte, Ifaty and La Réunion corals change their magnitude over the years ( figure 8a, b) . The Chagos coral joins the ENSO signal in the covariance structure only in the end of the twentieth century ( figure 8a, b) . We suggest that this may be the result from the amplification of the ENSO cycle, in conjunction with the observed eastward shift of the ENSO impacts from the Indian to the east AsianAustralian sector after 1970 (Kumar et al . 1999 ). This so-called 1970s shift weakens the Indian monsoon rainfall connection (Kumar et al . 1999) , but it enhances the link between rainfall in the central Indian Ocean sector (i.e. austral summer) and ENSO (Pfeiffer et al . 2004a) .
The variability in the La Réunion and Mayotte coral δ 18 O in the early to mid twentieth century is related to the ENSO signal, but not in the late twentieth century ( figure 8a, b) . The correlation between Niño-3 SST and Ifaty shows a high correlation during phases when the ENSO forcing was strong, 1880 -1920 and 1960 (Webster et al . 1998 Zinke et al . 2004b) . This is in good agreement with Richard et al . (2000) , who showed that a strong teleconnection between Southwestern Indian Ocean SST (rainfall) and ENSO appears after 1970. Richard et al . (2000) concluded that the modified east-west circulation is partly forced by a warmer Southern Indian Ocean after 1970.
Interestingly, very similar results are obtained when the Niño-3 index is not included in the EOF analysis (figure 8b). Thus, the running EOF analysis might be able to detect non-stationary ENSO-proxy relationships in pre-industrial eras when the only source of climate information comes from proxy data. Note that the EOF analysis is applied to time-series of DJFM seasonal means over the years 1887-1991. Legend entries refers to corals from Chagos (CH) (Pfeiffer et al . 2004a ), Seychelles (SE) (Charles et al . 1997) , La Réunion (LR) (Pfeiffer et al . 2004c) , Mayotte (MA), Ifaty (IF) (Zinke et al . 2004a, b) , Palmyra (PA) (Cobb et al . 2001) ; N3 refers to the Niño-3 index (Kaplan et al . 1998 ).
The power of this analysis is further demonstrated by an example (figure 9). The multi-proxy data were altered in the following way. The Chagos coral was replaced by an artificial proxy. This artificial proxy was generated by summation of the normalized Niño-3 index x(t) and normalized white noise e(t). To simulate the non-stationary linear relationship a time-dependent linear regression coefficient a(t) determined the signal-to-noise ratio. Thus, the artificial proxy was generated by the following equation:
y(t) = a(t)x(t) + 1 − a(t) 2 e(t),
where a(t) = 0.4 tanh[w(t − 1940)], with w = 10 years, where t denotes the year (1887-1991).
In figure 9 the generated artificial proxy is shown together with the Niño-3 index. The shape of the regression coefficient a(t) is also shown. Even though the correlation between this proxy and the Niño-3 index was rather low in this example, the running EOF analysis was able to identify the shift in the relationship. Another important result is the robustness of the EOF. Only small differences in the weight factors of the unchanged coral proxies were caused by the replacement of one proxy.
Even without appropriate statistical hypothesis tests, this technique provides a powerful tool for the multivariate proxy analysis. Of course, more work will be needed to identify the true power of this method.
Conclusions
This paper presents a network of coral oxygen isotope and/or Sr/Ca records covering the last 120-336 years spanning the western tropical to subtropical Indian Ocean. All records record regional climate variability. Chagos coral δ 18 O records rainfall variability on interannual to interdecadal time-scales, the Seychelles coral δ 18 O records interannual and decadal SST variations related to ENSO and the monsoon, Mayotte and Ifaty record changes in the hydrologic balance and Réunion records multidecadal variations in salinity propagated via changes in the strength of the South Equatorial Current.
The coral records show varying sensitivities to ENSO variability. The empirical orthogonal function analysis (EOF) using moving data windows is presented as a method to detect the ENSO-proxy relationship for each coral record. The Seychelles coral record shows a stationary relationship to ENSO; all other records show nonstationary ENSO-proxy relationships and/or higher sensitivity to ENSO induced large-scale circulation anomalies when the forcing is strong. Our results indicate that the coral δ 18 O in combination with other proxies can be used to reconstruct temporal and spatial variations in the sea-surface temperature and the fresh water balance within the Indian Ocean on interannual to interdecadal time-scales. Such datasets will prove invaluable in attempts to successfully model past and predict future climate change.
